Background and Purpose-QTc interval prolongation is a predictor of cardiovascular morbidity and mortality in general populations and in patients with diabetes. The aim of this study was to investigate the predictors of stroke in patients with type 2 diabetes, with particular emphasis on the independent role of QT interval parameters. Methods-We carried out a long-term follow-up study with 471 type 2 diabetics. Several clinical, laboratory, ECG, and echocardiographic variables were recorded at baseline. Predictive factors for stroke were evaluated by Kaplan-Meier estimation of survival curves and by univariate and multivariate Cox survival analyses. Results-After a median follow-up of 57 months (range, 2 to 84 months), 40 incident strokes were observed. QTc interval prolongation (Ն470 ms 1/2 ) was an independent predictor of stroke, with adjusted hazard ratios ranging from 2.2 to 2.9 (95% confidence intervals, 1.1 to 6.0). Other independent factors associated with stroke were older age; the presence of cerebrovascular disease at baseline; increased 24-hour proteinuria, serum triglycerides, and left ventricular mass; and decreased high-density lipoprotein cholesterol. Excluding patients with previous cerebrovascular disease from the analysis did not change the results significantly. Conclusions-QTc interval prolongation is a predictor of future stroke in patients with type 2 diabetes. Intervention studies are needed to assess whether this factor could be modified. 
C ardiovascular diseases are the leading causes of morbidity and mortality around the world, and stroke ranks as the third-leading cause of death in the United States 1 and as the leading cause in Brazil. 2 The best approach to reducing the burden of stroke remains prevention; hence, knowing its associated risk factors is fundamental. Age, male sex, hypertension, and atrial fibrillation are well-known risk factors for stroke, whereas smoking and dyslipidemia are more debatable ones. [3] [4] [5] [6] Diabetes mellitus is also a recognized risk factor for stroke, with reported increased relative risks ranging from 2-to Ϸ6-fold compared with nondiabetics. 7, 8 Furthermore, diabetics have greater mortality and recurrence rate after a first stroke. 8, 9 Few studies, however, have investigated predictive factors for stroke in diabetic patients, derived mainly from a population-based study in Finland, 10 from the United Kingdom Prospective Diabetes Study, 11 and from the World Health Organization (WHO) Multinational Study of Vascular Disease in Diabetes. 12 None of them, however, evaluated specific ECG abnormalities such as left ventricular hypertrophy (LVH) or prolonged QT interval duration, which appears to be more frequent in diabetic patients than in nondiabetics. 13 Heart rate-corrected QT interval prolongation, in particular, has been investigated as a cardiovascular mortality risk predictor in both population-based studies 14, 15 and diabetic patients. 16 -18 Thus, the primary aim of this long-term follow-up prospective study was to assess the predictive factors for fatal or nonfatal stroke in a large group of type 2 diabetic outpatients, with special emphasis on abnormalities involving the QT interval, which is a simple variable obtained from standard ECGs.
Subjects and Methods

Subjects and Baseline Procedures
Study subjects have been described elsewhere. 18, 19 In summary, all adult diabetic outpatients diagnosed according to the 1985 WHO criteria 20 who had standard ECGs recorded from July 1994 to June 1996 were consecutively enrolled in this follow-up study. After the clinical and ECG exclusion criteria detailed previously 18, 19 were applied, a total of 471 type 2 diabetics made up the cohort. Patients with abnormal serum levels of potassium and calcium were excluded from the study. This protocol was approved by the local ethics committee, and all patients gave written, informed consent.
The baseline procedures and criteria for diagnosing clinical variables have also been described elsewhere. 18, 19 All subjects were submitted to a thorough clinical examination, with special attention to signs and symptoms of cardiovascular diseases and to diabetic degenerative complications. Mean values of all office systolic (SBP) and diastolic (DBP) blood pressure measurements performed during the first year of follow-up were obtained.
Laboratory evaluation included fasting plasma glucose, serum fructosamine, creatinine, triglycerides, total and high-density lipoprotein (HDL) cholesterol, and 24-hour proteinuria, all obtained by automated methods. Mean values of all laboratory examinations performed in the first year of follow-up were recorded.
Standard resting 12-lead ECGs were recorded with the same equipment and response frequencies at 25-mm/s paper speed and 10-mm/mV amplitude. ECG abnormalities were registered according to the Minnesota code except LVH, which was ascertained by voltage criteria, either Sokolow-Lyon (SV1ϩRV5 or V6Ն3.5 mV)
or Cornell sex-specific (SV3ϩRaVL Ն2.0 mV in women or 2.8 mV in men). QT intervals were manually measured in every lead possible as previously described 19 by a single experienced observer unaware of other patient data and corrected for heart rate (QTc) by Bazzet's formula (QTcϭQTϫRR
Ϫ1/2
). Both maximum QTc interval duration (QTcmax) and QT interval dispersion (QTd, the difference between the longest and shortest noncorrected QT intervals) were obtained. Forty-five randomly chosen ECGs were measured again at least 6 months after the first measurement to assess intraobserver reproducibility. Mean relative errors were 1.1% for QTcmax and 12% for QTd. The mean intraobserver absolute difference of QTcmax measurement was 24.9 ms 1/2 (SD, 78.9 ms
). This signifies that 95% of the intraobserver variability of QTcmax measurement was within Ϫ133 and 183 ms 1/2 . Good-quality comprehensive 2-dimensional echocardiography (Apogee, Interspec, with 3.5-MHz transducer), performed within 1 month of the admission ECG by the same experienced observer, was available in 187 patients (40%). Measurements of septal and posterior wall thicknesses and left ventricular end-diastolic diameter were Abbreviations as in Table 1 , plus CI indicates confidence interval.
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performed according to the Penn convention, and left ventricular mass (LVM) was calculated by the anatomically validated cube formula of Devereux and Reichek. 21 Cutoff values for the presence of echocardiographic LVH were those derived from the Framingham study 22 (Ͼ198 g for women and Ͼ294 g for men).
Follow-Up and Ascertainment of Stroke Events
Patients were evaluated regularly at least 2 times a year until June 2001. Those who failed to present to the hospital were contacted annually to determine health status. Forty-three patients (9.1%) were lost to follow-up and were considered censored observations at the date of their last hospital visit. The primary end point was total fatal or nonfatal stroke. Stroke events were defined according to the WHO criteria 23 and ascertained from medical records (including cerebral imaging studies), death certificates, and interviews with attending physicians, patients, and families by use of a standard questionnaire reviewed by an independent observer. Strokes were classified as ischemic, hemorrhagic, or undetermined on the basis of cerebral imaging findings (available in 87.5% of stroke patients). Isolated subarachnoidal bleeding was not included. Stroke cases with negative or nonspecific findings (no sign of hemorrhage) on cerebral imaging performed within the first 48 hours were classified as ischemic. Fatal stroke was defined by death of any cause within 28 days of the index event.
Statistical Analysis
All statistics analyses were performed with the STATA statistical package, version 7.0. Continuous data were described as medians and 5th and 95th percentile values. QT interval variables were evaluated as continuous ones and dichotomized at the upper quintile values (470 ms 1/2 and 70 ms for QTcmax and QTd, respectively). Stroke-free survival analysis was performed by Kaplan-Meier estimation of survival curves (compared by log-rank tests) and by univariate and multivariate proportional-hazards Cox models. Serum creatinine was log 10 transformed before inclusion in the models because of its positive skewed distribution. Missing data were frequent for 24-hour proteinuria (25%), HDL cholesterol (32%), and especially echocardiographic LVM (60%). It has been shown that deleting subjects with a missing value on 1 predictor variable included in the multivariate models (the so-called complete cases analysis) commonly leads to biased results and surely to loss of power. 6, 24 So, to decrease bias and increase statistical efficiency, we imputed missing data using the expectation maximization method, which is based on the correlations between each variable with missing values and all other variables as estimated from the complete cases. Hence, 3 different Cox multivariate models were fitted in backward stepwise procedures. All variables that showed in univariate analysis a value of PϽ0.20 (except HDL cholesterol and LVM) entered into the first model. Sex, heart rate, and presence of ECG conduction disturbances were also forced into this model. The second model added HDL cholesterol to the first model, and the third model added echocardiographic LVM to the second model. In addition, multivariate analyses were repeated after exclusion of patients with cerebrovascular disease present at baseline. Assumptions of the proportional-hazards models and interactions were also tested, 25 and no violation was observed. Results were presented as hazard ratios with 95% confidence intervals. A 2-tailed value of PϽ0.05 was considered statistically significant.
Results
Baseline Characteristics and Follow-Up Strokes
During a median follow-up of 57 months (range, 2 to 84 months), there were 40 incident strokes, 9 fatal strokes (22.5%), 32 ischemic strokes (80%), 3 hemorrhagic strokes (7.5%), and 5 strokes of undetermined origin (12.5%). Table  1 shows the baseline characteristics of all 471 diabetic patients and of those with and without stroke. Patients with stroke were older, had diabetes of longer duration, and had increased prevalences of arterial hypertension, heart failure, cerebrovascular disease, use of diuretics and calcium channel blockers, and ECG evidence of LVH than patients without stroke did. Also, stroke patients had increased serum triglycerides and 24-hour proteinuria, decreased serum HDL cholesterol, and increased echocardiographic LVM, and a greater proportion of patients had prolonged QTc interval. Patients lost to follow-up had baseline characteristics identical to those with complete data. Table 2 shows the results of univariate Cox analyses. Age, presence of heart failure and cerebrovascular disease at baseline, use of diuretics, serum HDL cholesterol, 24-hour proteinuria, ECG LVH, echocardiographic LVM, and prolonged QTc interval were the variables with strongest univariate associations with stroke-free survival. Kaplan-Meier survival curve analyses for patients grouped according to the presence of QTc interval prolongation Ͼ470 ms 1/2 and increased QT dispersion Ͼ70 ms (Figure 1) , to the presence of ; top) and increased QT interval dispersion (QTd Ն70 ms; bottom).
Univariate Survival Analysis
clinical nephropathy (24-hour proteinuria Ͼ0.5 g/24 h) and serum HDL cholesterol levels Ͻ0.9 mmol/L (Figure 2) , and to the presence of either echocardiographic and ECG LVH (Figure 3 ) demonstrated that all these parameters except increased QTd were capable of distinguishing subgroups of patients with significantly different stroke-free survivals.
Multivariate Survival Analysis
Results of multivariate Cox analyses are shown in Table 3 . QTc interval prolongation (Ն470 ms 1/2 ) was an independent predictor of stroke; its presence increased Ϸ3-fold the risk of stroke after adjustment for other potential risk factors, regardless of the presence of cerebrovascular disease at baseline. Increased QT interval dispersion, on the other hand, was not selected as an independent predictor of stroke when it was substituted for QTcmax in any of the multivariate models. Other independent predictive factors for stroke were older age, the presence of previous cerebrovascular disease (which increased stroke risk by 3-fold), decreased serum HDL cholesterol, and increased 24-hour proteinuria, serum triglycerides, and LVM. The presence of heart failure was also selected in the subgroup of patients without previous cerebrovascular disease.
Discussion
The main finding of this prospective study with up to 7 years' follow-up is that QTc interval prolongation constitutes an independent predictive factor for future strokes in patients with type 2 diabetes. Two potential confounders, heart rate and the presence of conduction disturbances on ECG, were specifically forced into the multivariate analysis, although neither showed associations with stroke-free survival in univariate analysis. Heart rate was included because the rate correction of the QT interval duration could have introduced some prognostic information derived from the heart rate itself. The presence of ECG conduction disturbances was included because it is known that QRS prolongation is associated with QTc prolongation. 26 Thus, it might be that the prognostic value of QTc prolongation was solely or partly explained by the prognostic information contained in QRS 
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prolongation resulting from the presence of conduction disturbances. Introduction of these variables into the multivariate models ascertained that the demonstrated importance of QTc interval prolongation on stroke incidence, beyond being independent of other known cardiovascular risk factors, was also independent of heart rate and QRS prolongation. Although a demonstrated predictor of future strokes, QTc interval prolongation did not present enough predictive performance (sensitivity, 30.0%; specificity, 82.1% for QTcmax Ն470 ms 1/2 ) to be recommended in isolation as a screening method for detecting stroke-prone diabetics. In fact, none of the identified risk factors showed such a predictive performance.
In general populations, a prolonged QTc interval has been associated with aging, female sex, arterial hypertension (mainly systolic blood pressure), underlying coronary artery disease, and ECG-estimated LVM. 26, 27 In addition, diabetes and impaired glucose tolerance have been related to QTc prolongation, 13, 28 probably as part of the insulin resistance syndrome resulting from insulin-mediated increased sympathetic activity or impaired glucose use at myocardial cells or both. 28 Specifically in diabetic patients, a prolonged QTc interval has been demonstrated to be associated with the presence of cardiac dysautonomia 29 and macrovascular complications, 30 particularly ischemic heart disease. 31 Most important, QTc interval prolongation has been shown to be a predictive factor for cardiovascular morbidity and mortality in both population-based studies 14, 15, 32 and diabetic patients. 16 -18,33 Given these relevant relationships, it is not unexpected to find that QTc interval prolongation convincingly does have prognostic value for future atherosclerotic vascular events such as strokes in patients with diabetes mellitus. Prolonged QTc interval may be a marker of silent, undetected atherosclerotic vascular disease, reflecting in conjunction a number of factors associated with the atherosclerotic process such as aging, insulin resistance, increased systolic pressure, and LVH. In this regard, it has been demonstrated that significant associations exist between QTc interval duration and ultrasonographically derived carotid intima-media thickness in nondiabetic subjects 34 and between QTc prolongation and activated factor XII levels (a marker of atherosclerotic vascular disease) in type 2 diabetic patients. 35 In both studies, the associations remained significant after adjustment for other cardiovascular risk factors, reinforcing the hypothesis that QTc prolongation may be a surrogate indicator of subclinical atherosclerosis.
On the other hand, unlike some studies, 33, 36 we were unable to demonstrate any prognostic value for stroke of increased QT interval dispersion. We have previously reported 18 that QT dispersion was a better risk stratifier than maximum QTc duration for fatal or nonfatal cardiac events in this cohort. It is possible that QT interval dispersion reflects best the global ventricular repolarization abnormalities that could be more important in determining future cardiac morbidity and mortality and that QTc interval prolongation reflects best underlying atherosclerosis, which is a determinant of future cerebrovascular events.
The other predictive factors for stroke demonstrated hereolder age, increased urinary protein excretion, increased serum triglycerides, decreased serum HDL cholesterol (the strongest one), increased LVM, and presence of cerebrovascular disease at baseline-are all supported by additional studies. 1,3-6,8,10 -12,37 Of note is the absence of any variable related to arterial hypertension, recognizably a major risk factor for stroke. 1,3-6,8,10 -12,37 Some possible explanations should be raised. First, the prevalence of arterial hypertension was very high in this diabetic cohort (Ϸ60%); thus, being hypertensive became a "common" characteristic, decreasing its prognostic importance. Second, there was the antihypertensive treatment effect on blood pressure levels because nearly all hypertensives were on drug treatment and blood pressure levels were mean values obtained during the first year of follow-up. Finally, some selected prognostic variables clearly incorporated some prognostic information given by arterial hypertension and blood pressure levels such as increased LVM and QTc prolongation itself. (Correlations between QTc duration and systolic blood pressure have been demonstrated. 26, 27 ) This study has some limitations. Smoking status and body mass, 2 potentially important predictors of stroke, were not available. Smoking, in particular, is a well-known risk factor for stroke, 1, 38 although in diabetics some studies failed to show its prognostic value. 10, 11 Additionally, no study had demonstrated any relationship between smoking status and QTc interval duration. Body mass is a more debatable risk factor for stroke, with several studies showing no relation between obesity and stroke risk. 8, 10, 37 Thus, we think that the absence of adjustment for smoking and body mass probably did not influence the strength of the association found between QTc prolongation and stroke risk. Atrial fibrillation, another important risk factor for stroke, also could not be evaluated in this study because it was an ECG exclusion criterion for entry.
In conclusion, this prospective study with follow-up for up to 7 years gives evidence that QTc interval prolongation is a predictor of future strokes in patients with type 2 diabetes independent of other known cardiovascular risk factors. Furthermore, previous cerebrovascular disease, older age, increased 24-hour proteinuria, increased serum triglycerides, decreased serum HDL cholesterol, and increased LVM are also important predictors of stroke in type 2 diabetics. Intervention studies are necessary to evaluate whether this new predictive factor could be modified.
